In this study we sought the detection and characterization of bacterial membrane domains. Fluorescence generalized polarization (GP) spectra of laurdan-labeled Escherichia coli and temperature dependencies of both laurdan's GP and fluorescence anisotropy of 1,3-diphenyl-1,3,5-hexatriene (DPH) (r DPH ) affirmed that at physiological temperatures, the E. coli membrane is in a liquid-crystalline phase. However, the strong excitation wavelength dependence of r laurdan at 37؇C reflects membrane heterogeneity. Time-resolved fluorescence emission spectra, which display distinct biphasic redshift kinetics, verified the coexistence of two subpopulations of laurdan. In the initial phase, Ͻ50 ps, the redshift in the spectral mass center is much faster for laurdan excited at the blue edge (350 nm), whereas at longer time intervals, similar kinetics is observed upon excitation at either blue or red edge (400 nm). Excitation in the blue region selects laurdan molecules presumably located in a lipid domain in which fast intramolecular relaxation and low anisotropy characterize laurdan's emission. In the proteo-lipid domain, laurdan motion and conformation are restricted as exhibited by a slower relaxation rate, higher anisotropy and a lower GP value. Triple-Gaussian decomposition of laurdan emission spectra showed a sharp phase transition in the temperature dependence of individual components when excited in the blue but not in the red region. At least two kinds of domains of distinct polarity and order are suggested to coexist in the liquid-crystalline bacterial membrane: a lipid-enriched and a proteolipid domain. In bacteria with chloramphenicol (Cam)-inhibited protein synthesis, laurdan showed reduced polarity and restoration of an isoemissive point in the tem¶Posted on the website on 3 May 2002. *To whom correspondence should be addressed at: Department of Life Sciences, Ben-Gurion University of the Negev, P.O. Box 653, Beer-Sheva 84105, Israel. Fax: 972-8-6472890; e-mail: fishov@ bgumail.bgu.ac.il Abbreviations: Cam, chloramphenicol; DPPC, dipalmitoylphosphatidylcholine; DPH, 1,3-diphenyl-1,3,5-hexatriene; FM 4-64, N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)hexatrienyl)pyridinium diBromide; GP, generalized polarization; MCP, multichannel plate; PBS, phosphate-buffered saline; TAC, time-to-amplitude converter; TMA-DPH, trimethylammonium-DPH.
INTRODUCTION
The precise timing and spacing of major events in the bacterial cell cycle are most intriguing and complicated phenomena in cell biology despite the rapidly increasing number of proteins and genes claimed to participate in these processes. A recent model suggests that both DNA synthesis and septum formation are triggered by specific membrane domains formed as a result of the process of coupled transcription, translation and insertion (transertion) of membrane proteins (1, 2) . These putative domains in the cytoplasmic membrane are topologically determined by the spatial position of the functionally active nucleoid (3) . Indications for membrane heterogeneity in bacteria exist in the literature (4) (5) (6) (7) . Different proteins in bacterial membranes displayed variable sensitivity to lipid fluidity, suggesting the coexistence of physically separated lipid domains of diverse fluidity and composition (8, 9) . Membrane patterns with apparent functional implication were recently observed in Escherichia coli cells and filaments stained with membrane-targeted fluorescent probes (10, 11) .
Membrane heterogeneity can be detected by the use of lipophilic probes. One such example is the use of laurdan solvatochromism, a well-studied phenomenon in neat solvents (12) (13) (14) . The profound sensitivity of laurdan fluorescence to solvent polarity was extensively used to study membrane organization (13, (15) (16) (17) (18) . Laurdan is an amphipathic molecule ( Fig. 1 ) anchored in the membrane because of the long aliphatic tail with its fluorescent moiety exposed to the aqueous phase near the lipid polar head groups (18) . Recently, a model for the interaction of laurdan with membrane lipids was suggested in relation to its spectral properties (18) . The coexistence of gel and liquid-crystalline lipidphase domains in liposomes composed of a mixture of phospholipids was demonstrated at the phase transition temperatures (13, 15) . In cell membranes, the coexistence of separate lipid-phase domains at physiological temperature was demonstrated with laurdan for the rat renal cortex (16) but was not found in a variety of other cell types (15) . However, domains are not necessarily restricted to lipid-phase domains; they could result from the lateral segregation of exclusively one type of lipid or protein (or both) because of specific interactions amongst them (19) . Bacterial membranes contain three major types of phospholipids with different fatty acids (20, 21) and at least 100 major protein species, either integral or peripheral (22) . Membrane order and dynamics depend on the composition, the specific interactions between these components (proteo-protein, proteo-lipid and lipid-lipid), the functional state of the proteins and the electrochemical gradients across the membrane (23) .
Different and independent methods were used to show the coexistence of membrane domains in E. coli (10, 11) . The present work (briefly reported in Hazan-Vanounou et al. [24] ) was aimed at the physical characterization of these domains, utilizing the fluorescent properties of laurdan. Such domains, predicted by the transertion model for growing bacteria, should exist in a fluid membrane (25) and are not necessarily lipid-phase domains. Despite the existence of two membranes (inner and outer) in the cell envelope, both of which could be labeled by a membrane probe, we have shown that hydrophobic 1,3-diphenyl-1,3,5-hexatriene (DPH) and amphiphilic N-(3-triethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)hexatrienyl)pyridinium diBromide (FM 4-64) predominantly distribute into the inner cytoplasmic membrane of E. coli (10) . Assuming that it occurs because of the different properties of the outer and inner membranes, it is reasonable to expect that polar laurdan would be distributed similarly. Furthermore, part of the results were reproduced with the gram-positive Bacillus subtilis, the single plasma membrane of which differs from that of E. coli also in its phospholipid composition. These imply that the membrane heterogeneity revealed by laurdan stems from the heterogeneous environment in the same (cytoplasmic) membrane but not because of the existence of different membranes. In addition, we compared normal cells with those in which the observed domains are presumably dissipated upon interruption of the transertion process by chloramphenicol (Cam) treatment (inhibiting protein synthesis) (2).
MATERIALS AND METHODS
Bacterial strains and growth conditions. Strains of E. coli B/r H266 and B. subtilis OI1 (ilvC1, leu-1) were grown in M-9 minimal salt medium supplemented with 0.4% glucose and with 0.4% glucose and 1% casein hydrolysate, respectively. Bacteria were cultivated at 37ЊC with vigorous shaking (Gyrotory Water Bath Shaker, Model G76, New Brunswick Scientific Co., Inc., Edison, NJ). Turbidity as a measure of biomass concentration (Novaspec II, Pharmacia LKB, Cambridge, UK), cell counts and size distributions (Coulter Counter, Model ZM, Coulter Electronics Ltd., UK; 30 orifice) were used to follow growth and to characterize the physiological state. 6-Dodecanoyl-2-dimethylaminonaphthalene (laurdan) and DPH were purchased from Molecular Probes Inc. (Eugene, OR).
Fixation of bacteria. Samples of bacterial cultures (2-5 mL) either at steady-state growth or treated with 100 g/mL Cam for 1 h were fixed with formaldehyde (0.25% final concentration), collected on polycarbonate membrane filters (0.2 m pore size, Poretics, Livermore, CA) and washed with phosphate-buffered saline, pH 7.4 (PBS). Filters were frozen in liquid nitrogen. Formaldehyde fixation was used for sample preparation to avoid changes caused by enzymatic activities during labeling and measurement. The fluorescent probe is therefore expected to detect changes in phospholipid or protein composition and organization, reflecting the physiological state and dynamics of the membrane at the moment of fixation. As was demonstrated in our recent publications (2,10), formaldehyde fixation does not affect membrane order measured by DPH. It does, however, allow revealing dynamic changes in the membrane induced by modulation of the functional state before fixation. It also preserves the presumptive domain structure visualized by the staining pattern of FM 4-64.
Labeling procedure and steady-state fluorescence measurements. For labeling with laurdan, filters with bacteria were thawed, cells were resuspended in PBS to a concentration of about 1.5 ϫ 10 8 cells/ mL and incubated for 1 h at 37ЊC in the presence of 5 ϫ 10 Ϫ7 M laurdan (added from a stock solution of 10 Ϫ4 M in methanol). For labeling with DPH, cells (1.5 ϫ 10 8 cells/mL) were incubated for 45 min at 37ЊC in the presence of 10 Ϫ7 M DPH (added from a stock solution of 10 Ϫ5 M in tetrahydrofuran). An unlabeled portion of the sample, incubated under the same conditions, served as a scattering reference (usually less than 3% of the intensity of the labeled sample).
Steady-state fluorescence spectra and anisotropy were measured with a Perkin-Elmer LS50B spectrofluorometer (Perkin-Elmer Ltd., Beaconsfield, UK). The estimated instrumental error for anisotropy values was ca 2%. Temperature was controlled to Ϯ0.2ЊC with a water-circulating bath and changed stepwise by about 2ЊC descending from high to low temperature; the sample was allowed to equilibrate for at least 10 min at each temperature with stirring.
Laurdan spectroscopic properties have been described using the generalized polarization (GP) calculated from the equation (12, 13, 15) :
where B (blue) and R (red) are the fluorescence intensities measured at 440 and 490 nm, respectively, with the desired excitation wavelength as indicated in the text or in the figure legends. After blank subtraction and conversion to wave numbers, the spectra were analyzed using PeakFit (version 3.18, Jandel Scientific, San Rafael, CA). Time-resolved fluorescence measurements. Time-resolved measurements of fluorescence and anisotropy were performed using multifrequency phase modulation and single-photon counting spectrofluorometry as already described before (23, (26) (27) (28) . The detailed experimental conditions are indicated in the text and figure legends.
Time-dependent fluorescence and fluorescence anisotropy measurements were performed by using the time-correlated single-photon counting system (29) . The experimental setup consisted of a Tisapphire laser (Spectra-Physics [Mountain View, CA], Tsunami laser pumped by 10W Beamlok Ar-ion laser), which was operated in its picosecond lasing mode (1 ps pulses at 82 MHz). The fundamental train of pulses was pulsed picked (Spectra-Physics, model 3980) to reduce its repetition rate typically to 0.8-4.0 MHz and then passed through a doubling lithium triborate crystal to preserve the quality of the laser mode. The laser was tuned between 800 and 690 nm using a Spectra-Physics blue optics set, and the doubled frequency was between 400 and 345 nm. The detection system consisted of Hamamatsu 3809U 6 multichannel plate (MCP). The fluorescence light was focused onto the entrance slit of the MCP after passing through a 1/8 meter double monochromator (CVI model CM 112). The time-to-amplitude converter (TAC) was a Tennelec (Oakridge, TN), 824 modular unit. The instrument function was typically 25 ps and was reduced to 17 ps when 0.1 mm slits were used. The time resolution of the single-photon-counting setup after data processing was below 3 ps in the 25 ns full-scale range of the TAC. Typical counting rates were kept below 5 kHz, and the number of counts was typically between 4000 and 10 000 at the peak channel. The horizontal polarization of the second harmonic beam was ensured by a Glan prism. The laser beam then passed through a Berek compensator (New Focus, Sunnyvale, CA), which acts like a variable wave plate. This enabled us to rotate the polarization of the laser excitation beam while fixing the polarization of the emission light entering the double monochromator at vertical polarization. This configuration avoided complication because of the large G-factor of the double monochromator. The fluorescence was sampled during fixed accumulation times for the parallel, the perpendicular and the magic angle relative orientation between the excitation and emission polarizations.
To obtain time-resolved fluorescence spectra, we have used an indirect method developed by Maroncelli and Fleming (30) . The fluorescence kinetics D(t,) were measured at fixed wavelengths covering the steady-state fluorescence spectrum F ss (). These fluorescence curves were independently fit by three-exponential (rising and decaying) functions of time using an iterative reconvolution scheme. To reconstruct the time-resolved spectra, the fitted function had to be scaled via relative normalization to the steady-state spectrum according to Eq. 2:
The set of fitted transients provided a reconstructed fluorescence spectrum consisting of 14-frequency points (shown in wave numbers) at any given time in the time interval from 1 to 2 ns.
Optimal dye-cell ratio. The optimal labeling conditions were determined by varying both the number of cells and the laurdan concentration. At the linear range of laurdan concentration (around 5 ϫ 10 Ϫ7 M; Fig. 2 , inset) a saturation profile of fluorescence intensity at 440 nm was observed at variable cell concentrations, depicted in Fig. 2 . Assuming that laurdan is nonfluorescent in aqueous phase and that the distribution of the dye is proportional to both its partition and the relative volume of the membrane, the partition coefficient was estimated by fitting the data shown in Fig. 2 to a theoretical equation:
where, L o and L m are the total amount of the probe in a sample with volume V o and that in the membrane with volume V m , respectively; ␣ is the partition coefficient of the label between hydrophobic and aqueous phases. The equation was derived assuming that V m K V o and that ␣ ϳ V o /V m . A partition coefficient of 1.3 ϫ 10 6 was estimated for laurdan in E. coli, similar to that published for laurdan's partitioning into dipalmitoylphosphatidylcholine (DPPC) vesicles (31) . It is thus concluded that the fraction of laurdan remaining in the aqueous phase is less than 40%. Because laurdan is relatively nonfluorescent in water, the contribution of free laurdan to the total fluorescence emission measured from labeled bacteria is less than 5% and is essentially negligible.
The relative concentration of laurdan in the cell membrane affects the GP values (15) , and the optimal range chosen, based on dilution experiments (data not shown), was in the laurdan-cells ratio range of 2-3 pmol/10 6 cells. This range was selected because this is the minimal laurdan concentration rendering an appropriate signal-tonoise ratio at the maximal cell concentration yielding acceptable scattering. Under these conditions, the ratio of laurdan to membrane phospholipids is estimated to be ϳ1:200.
RESULTS

Spectral parameters of laurdan in bacterial membranes
Steady-state fluorescence spectra. Excitation (a) and emission (b) spectra for laurdan in E. coli membranes at different temperatures are shown in Fig. 3 . The excitation spectrum is characterized by two maxima, at 355 nm (blue band) and 380 nm (red band), and the emission maximum is at 440 nm. Upon decreasing the temperature to 12ЊC, the red excitation band becomes dominant, whereas the red-edge shoulder in the emission spectrum is almost eliminated and the maximum slightly shifts to the blue. We therefore conclude that laurdan displays similar spectral characteristics and environmental sensitivity (e.g. to phase transition) in the E. coli membrane as it does in model membranes (15, 18, 32) .
GP spectra. Figure 4 depicts the excitation GP spectra of E. coli at 12 and 37ЊC. At 12ЊC, high and constant GP values, characteristic of the gel phase (15, 18) , are observed (Table 1). At 37ЊC, GP values were much lower with a negative slope ( Table 1, Fig. 4) , generally attributed to a liquid-crystalline phase (15, 18) . In addition, a notable sharp decline in GP values above 380 nm was observed. It might indicate that a liquid-crystalline membrane of a different structure surrounds laurdan molecules, excited at the red edge.
Analysis of steady-state spectra. In order to get more detailed information on the laurdan spectral shape changes, in addition to use of GP, we have attempted to decompose the experimentally obtained emission spectra into simple Gaussian components. Figure 5A presents a three-component best fit of the emission spectrum recorded at 37ЊC with excitation at 350 nm; these components have maxima at 420, 445 and 500 nm, and relative areas of 15, 65 and 20%, respectively (Table 1) . Although the spectrum looks narrowed at 11ЊC †Emission GP calculated according to Eq. 1. ‡Emission anisotropy measured at 450 nm. §Relative areas (in percent of total) of the Gaussian components in steady-state emission spectra (peak3:peak2:peak1, respectively, as shown in Fig. 5 ). ( Fig. 5B) , again, a three-component decomposition provided a reliable fit (judged by R 2 Ͼ 0.999). The major difference is that the blue component is now the dominant one (Table  1 ). This may be inferred to as stabilization of a locally excited state because of hindrance of the intramolecular relaxation of laurdan in the gel-phase membrane (resembling laurdan in frozen ethanol [14] ). Detailed changes in the area of these components and their corresponding maxima with temperature are presented in the section titled Emission spectral shape analysis in Results. At 37ЊC, the relative areas of the components changed strongly with the excitation wavelength (Fig. 6) ; in the blue excitation region the major component was that with 445 nm at its maximum, whereas excitation above 360 nm resulted in the 420 and 500 nm wavelengths as the dominant components. This excitation dependence is even more pronounced than that of laurdan GP values observed in bacteria at 37ЊC (Fig. 4 ) and in liquidcrystalline liposomes (32) . At low temperatures, the component distribution, like GP, was almost independent of the excitation wavelength (Table 1) . A similar decomposition was reported for laurdan's absorption spectra, and the com- ponents were suggested to correspond to three different excited states in the polar environment of ethanol (14) . Nevertheless, in the following analysis we confine ourselves merely to the mathematical decomposition without attempting to ascribe physical meaning to the resultant components. We conclude that spectral decomposition is very sensitive to temperature on the one hand and it exhibits excitation selectivity on the other. Thus, this kind of analysis was applied, at least qualitatively, for other steady-state fluorescence emission data.
Anisotropy spectra. The anisotropy of laurdan fluorescence in E. coli membrane at 37ЊC showed a strong dependence on excitation wavelength (Fig. 7, spectrum a) , i.e. doubling from 0.12 at 350 nm to 0.25 at 410 nm (see Table  1 ). This is completely different from the anisotropy profile observed in methanol (Fig. 7, spectrum b) . The emission anisotropy in E. coli was decreasing with wavelength because of dipolar relaxation, but the 400 nm excitation wavelength selected populations with higher anisotropy, with respect to the 325 nm excitation (spectra c and d in Fig. 7 , respectively). In contrast, however, in single-phase vesicles the emission anisotropy was shown to be largely insensitive to the excitation wavelength (12) .
In order to discern amongst the various parameters contributing to the steady-state anisotropy values depicted in Fig. 7 , time-resolved fluorescence lifetime and anisotropy studies were carried out using single-photon correlation and multifrequency phase modulation spectrofluorometry. Both the average lifetime ( av ) and the initial anisotropy value (r o ) were similar at 350 and 382 nm excitation wavelengths (Table 2). These results imply that the differences observed in the anisotropy values at infinite time, r ϱ , and in the steadystate anisotropy values (Fig. 7 ) do reflect differences in the rotational dynamics of laurdan. The rotational correlation time was estimated as 35 and 110 ps, excited at blue and red bands, respectively (Table 2) . Thus, changes in steadystate anisotropy values report the difference in both the rotational relaxation times, which reflect membrane fluidity as well as the order parameter of laurdan's immediate environment. The latter reflects the tightness of packing or the corresponding free volume of the membrane. Phase modulation spectrofluorometric results (data not shown) also confirmed the absence of excitation wavelength dependence of laurdan's average lifetime, with the values being similar to those reported for laurdan in liposomes (13) and in ethanol (14) .
Although, according to GP spectra (Fig. 4) , the phase state of bacterial membranes at 37ЊC can be defined as liquidcrystalline, the exhibition of excitation selectivity (shown in Fig. 6 ) and anisotropy spectra (Fig. 7) are suggestive of order heterogeneity in this fluid (nongel) bacterial membrane (see Discussion).
Time-resolved spectra of laurdan. To clarify in detail the wavelength dependence of the spectral shape and anisotropy described in previous sections, a time-resolved spectral analysis was called for. Time-resolved emission spectra of laurdan in bacterial membranes at 37ЊC and at different excitation wavelengths are displayed in Fig. 8 . It can be seen that decay in intensity is accompanied by a general redshift ( Fig.  8A and B) . Figure 9 presents the time dependence of the position of the spectral mass centers. For both excitation wavelengths, the relaxation profile is distinctly biphasic, faster below and slower above 50 ps. Each phase in the relaxation kinetics (Fig. 9 ) can be perfectly fitted by a singleexponential decay function with the following parameters: below 50 ps (Fig. 9, inset) , the relaxation time is 88 and 123 ps, and the redshift is about 11 and 7 nm, at 350 and 380 nm excitation wavelengths, respectively; above 50 ps, the relaxation time is about 1 ns, and there is a further shift of 20 nm at both excitation wavelengths. These results suggest the coexistence of at least two distinct laurdan populations with partial overlap both in fluorescence excitation and emission, each with different surroundings and relaxation char- acteristics. Similar time-resolved emission spectra of laurdan taken at 37ЊC in pure ethanol showed no dependence on the excitation wavelengths (data not shown).
Membrane phase transitions and their relation to bulk protein synthesis
Measured by GP. As pointed previously (Fig. 4) , GP increased markedly upon decreasing the temperature (Fig. 10) . By excitation at 350 nm, phase transition, if any, was hardly noted in glucose-grown cells (Fig. 10A) . Higher GP values with no phase transition were observed in Cam-treated bacteria (i.e. when protein synthesis was blocked). Excitation at 410 nm, which selects for laurdan molecules situated in regions of relatively increased viscosity (Fig. 7 , spectrum a and spectra c vs d), did however reveal distinct though broad phase transitions (Fig. 10B) . Again, GP values for Camtreated cells were almost 40% higher in the liquid phase (above 30ЊC) than for Cam-untreated, normal cells, indicative of laurdan molecules emitting from relatively lower polarity environment (15) . Moreover, the temperature range of phase transition was shifted from 20 to 28ЊC in glucosegrown cells to 23 isotropy values report on the order of the immediate environment of laurdan and another lipophilic probe, DPH (Fig.  11) . Figure 11A reveals that the decreased polarity in Camtreated E. coli (Fig. 10) was associated with slightly increased membrane order, sensed by laurdan. It is noteworthy that the opposite trend is observed with DPH, i.e. higher anisotropy values were measured in untreated cells (Fig.  11B) , which is consistent with the same difference reported previously for 37ЊC (2) . This might reflect the difference in localization of these probes: laurdan was shown to be localized in the relatively polar water-lipid interface (33) , whereas DPH is embedded inside the lipid core, mostly parallel to the phospholipid chains (23, 34) . This explanation was supported by the observation that a polar derivative of DPH, trimethylammonium-DPH (TMA-DPH), displayed anisotropy differences between Cam-treated and control cells and phase transition shapes similar to those of laurdan and not of DPH (data not shown). Broad phase transitions are revealed by DPH anisotropy (Fig. 11B ) similar to those observed with laurdan GP (Fig. 10B) . Likewise, in the presence of Cam, the temperature range of the phase transition was shifted to higher values, i.e. from 16.4-27.4ЊC to 21.4-28.8ЊC, and was narrowed by 3.6ЊC. Fluorescence anisotropy of laurdan (Fig. 11A) , however, does not display a clear transition; the narrow plateau around 32ЊC may be the result of a pre-phase transition. It is still puzzling that the anisotropy and GP reported for laurdan do not show similar temperature-dependence profiles. One possible explanation for this difference may be as follows. GP value is a characteristic of the spectral shape, better described by contribution from three simple components. This contribution is altered with temperature exhibiting the transition breaks in GP dependence. However, assuming that the anisotropy value is determined by the lowest-excited component (internal conversion is fast), it should not be sensitive to the phase transition because anisotropy is concentration independent. The rotational correlation time is, obviously, continually changing with temperature as expected from the Perrin equation. In addition, temperature dependence of fluorescence anisotropy of the charged analog of DPH, TMA-DPH, exhibited a very similar profile to laurdan's anisotropy (data not shown). TMA-DPH, like laurdan, is located in the membrane-water interface in contrast to DPH, which is buried in the hydrophobic lipid core. The almost linear Arrhenius plots for both laurdan (Fig. 11A) and TMA-DPH anisotropy in the temperature range of GP transitions (Fig. 10B ) are indicative of a very small, if any, change in the microviscosity of the interface region. It may be concluded that the phase transition in the membrane is associated with a remarkable change in the lipid core order parameter (DPH) and in interface polarity (laurdan's GP and component composition); the free volume in the interface region, however, appears unchanged (laurdan and TMA-DPH anisotropy).
Emission spectral shape analysis. The emission spectra of laurdan as a function of temperature in E. coli grown in glucose (Fig. 12A ) are compared with those in Cam-treated cells (Fig. 12B) . Upon decreasing the temperature, the intensity at the emission maximum increases monotonously, whereas the intensity decreases at the red-edge shoulder. Most intriguing is the lack of an isoemissive point in glucose-grown cells, whereas Cam-treated cells do show a clear isoemissive point. An isoemissive point is characteristic of a temperature-dependent interconversion between the two emissive states of laurdan in a neat liquid solvent (14) or of the two different populations of laurdan molecules distributed between the two interconverted homogeneous membrane phases (17, 35) . The absence of such an isoemissive point above the transition temperature in Fig. 12A suggests the existence of two different populations of laurdan embedded in a heterogeneous membrane without free equilibrium between regions with different thermal properties. A similar absence of isoemissive point and the possibility of restoring it by Cam treatment was also found in the single-membrane B. subtilis (not shown).
In view of the ability of laurdan to be excited to and emit from different states in an environment-dependent manner, the decomposition analysis (Fig. 5 ) may be more informative. Figure 13 demonstrates the temperature dependence of each of the three Gaussian components for control (Fig.  13A) and Cam-treated (Fig. 13B) Pronounced and opposite sharp changes in the areas of the 420 and 445 nm components were observed with a midpoint occurring at about 21 and 18.5ЊC for control and Cam-treated cells, respectively. The area of the 500 nm component in the control cells also exhibited a remarkable decrease at 21ЊC, whereas in Cam-treated cells it remains constant. Above the transition temperature, the relative areas of all spectral components hardly change in Cam-treated cells, whereas in control bacteria the ratio of 445 nm/500 nm component areas decreases from 4.5 to 3. These variations in the weight of the components (Fig. 13A) are probably the cause for the absence of the isoemissive point in the corresponding original spectra (Fig. 12A) . When excited at 400 nm, laurdan's emission spectra are decomposed mostly to the 420 and 500 nm components (Figs. 6 and 14A ) in control cells, whereas in Cam-treated cells, the areas of the three components were not that different (Fig. 14B) . Moreover, the areas of each of the components varied with the temperature changing from 40 to 27ЊC in the control cells (Fig. 14A ) but remained constant in Cam-treated cells (Fig. 14B) . A less pronounced transition (Fig. 14) can be detected at 15 and 18ЊC for control and Cam-treated cells, respectively. This is in contrast to that observed upon excitation at 350 nm (Fig.  13) . It is noteworthy that the wavelength maxima of these components revealed lack of temperature dependence below and above the phase transition temperature; a relatively sharp, 5 nm shift did occur at the phase transition temperatures (data not shown).
To verify whether these spectral characteristics reflect the nature of the E. coli inner membrane and not the lipopolysaccharide envelope and differences between these two membranes, studies were repeated with the gram-positive B. subtilis, which possesses only the cytoplasmic membrane. Similar results were obtained (data not shown). Similarities in each of the spectral characteristics of laurdan embedded in the E. coli membrane and the gram-positive B. subtilis allow concluding that laurdan resides mainly in the inner membrane of E. coli.
DISCUSSION
Phase state of bacterial membranes at physiological temperatures
The changes in the spectral characteristics of laurdan (Fig.  3) upon shifting the temperature from 37 to 12ЊC imply that in E. coli, laurdan exhibits membrane environmental sensitivity (e.g. to phase transition) similar to that exhibited in artificial membranes (15, 18) . This is further revealed by the GP spectra (Fig. 4) in which the negative slope reflects the liquid-crystalline-like state at 37ЊC, whereas the 12ЊC profile reflects the gel state. Further, considering the temperature dependence of both laurdan GP and DPH anisotropy (Figs. 4, 10B and 11B) we can conclude that at physiological temperature, E. coli membrane is fluid and there are no gel-state lipid domains. Nevertheless, this does not exclude the coexistence of domains in a fluid proteo-lipid membrane, e.g. domains of different polarity and order.
Population versus spectral heterogeneity of laurdan
A pertinent question has arisen as to whether the spectral characteristics exhibited by laurdan in the cytoplasmic bacterial membrane do reflect the claimed coexistence of membrane domains (probe population heterogeneity), which are defined differently from those shown to exist in mixed liposomes (15) . Alternatively, it may merely reflect the different excited states (probe spectral heterogeneity) inherent to this molecule, shown to exist in neat solvents (14) . The half-width and the wavelength at the maximum of emission spectra of laurdan in neat solvents drastically depend on the excitation wavelength. This observed red-edge effect was taken as the signature of spectral heterogeneity (14) . This kind of steady-state red-edge phenomenon is absent in bacterial membranes (data not shown). However, with picosecond time-resolved fluorescence emission spectra, the effect of excitation dependence of laurdan's emission in bacterial membranes is clearly revealed (Figs. 8 and 9 ). No such dependence on excitation wavelength is detected in neat ethanol at 37ЊC; similar time decay emission spectra were observed at the blue and red edges of the excitation (data not shown). A plausible explanation for the changes in the mass centers of the spectra (Fig. 9) is the coexistence of at least two populations of laurdan molecules with spectral excitation and emission overlap. The emission may arise from a mixture of populations, each with a different environment. The redshift of the mass centers of the time-resolved fluorescence emission spectra reflects the relaxation processes in both populations, which are clearly biphasic (Fig. 9) . The fast (Ͻ50 ps) phase may be ascribed to intramolecular relaxation and is ϳ40% faster in the population excited at the blue edge (Fig. 9, inset) , whereas the slower phase is probably ascribable to solvent relaxation with similar, almost parallel kinetics for both populations. These explanations for the intramolecular and solvent relaxation processes are consistent with the excitation wavelength dependence of laurdan's anisotropy (Tables 1 and 2 , Fig. 7) . Thus, the blueedge-excited laurdan subpopulation reveals faster excited state relaxation rates with relatively low steady-state anisotropy, whereas the red-edge-excited subpopulation with the relatively slower excited state relaxation exhibits much higher steady-state anisotropy values. This apparent heterogeneity in laurdan's population is consistent with the claimed coexistence of domains in a liquid phase. The timescale of data reported by us, using the sensitive single-photon correlation spectroscopy in contrast with that of multifrequency phase modulation spectrofluorometry, limited to 250 MHz (15, 36) , revealed differences in laurdan relaxation rates in the picosecond timescale in a liquid membrane. The longer relaxation times observed by Parasassi et al. (32) may adequately reflect the gel-liquid phase coexistence.
Two kinds of domains revealed by spectral selectivity of laurdan
The direct correspondence between GP and anisotropy values, both of which increase with decreasing temperature (Figs. 4, 10 and 11 ), reflects the expected phase transition in bacterial membranes. It is similar to those observed in liposomes of defined composition (13, 32) . The liquid-crystalline phase (observed above 30ЊC) is characterized by the low GP and anisotropy values (Figs. 4, 10 and 11) . High GP and anisotropy values are characteristic of the gel-phase bacterial membrane (observed below 17ЊC). In contrast to the temperature dependencies, the excitation wavelength dependencies of GP (Fig. 4) and of anisotropy (Fig. 7) contradict each other. Namely, the steeper decrease of GP above 380 nm (at 37ЊC; Fig. 4 ) opposes the drastic increase in anisotropy at the same range of excitation wavelength (Fig. 7a) . The excitation anisotropy spectrum of laurdan in bacterial membranes at 37ЊC differs from that observed in one-component liposomes (included in our Fig. 7 are data points adopted from [2] , Fig. 5 ). The high anisotropy values observed at the red edge (Fig. 7a, Ͼ360 nm) , however, are consistent with the slower relaxation rate of the 383 nm excited subpopu-lation of laurdan, as mentioned previously (Fig. 9, inset) . The strong wavelength dependence of both steady-state laurdan fluorescence anisotropy (Fig. 7 ) and r ϱ (Table 2 ) reflect remarkable heterogeneity in the E. coli membrane. The rededge excitation selects laurdan molecules located in a much more viscous (ordered) environment relative to those excited at the blue edge. This is confirmed by the unchanged average lifetime and zero-time anisotropy values (Table 2 ). This seeming contradiction between GP and anisotropy dependencies may be resolved by the proposed coexistence of at least two kinds of domains in the heterogeneous bacterial membrane in its liquid-crystalline-like phase. One kind is mainly a pure lipid domain, and another is a proteo-lipid domain with relatively immobilized phospholipids driven by hydrophobic mismatch. Thus, excitation in the blue region selects laurdan molecules presumably located in mainly lipid domains. In these domains laurdan's emission is characterized by fast intramolecular relaxation (Fig. 9, inset ) and low anisotropy (Fig. 7a) . In contrast, in the proteo-lipid domain with more specific and tight interactions, laurdan motion and conformation are restricted, but polar relaxation may occur. The latter might result from the increased free volume in the less ordered proteo-lipid domain, rendering polar water molecules more accessible to the excited laurdan, or from interaction with polar side groups of the proteins. This is exhibited by slow relaxation rate (Fig. 9, inset) , high anisotropy ( Fig. 7a) and even lower GP value (Fig. 4) . Furthermore, the sharp phase transition observed here for the first time in a natural membrane (Fig. 13A) is unveiled by the presumed selection (upon excitation at 350 nm) of laurdan molecules located in a predominantly lipid domain. Phase transition was hardly observed when excitation at 400 nm selected laurdan situated in the proteo-lipid domain (Fig 14A) . The latter may reflect the expected lower cooperativity in this mixed, relative to ''pure'' lipid, domain.
Dissipation of domains upon inhibition of protein synthesis
The transertion model suggests that bacterial membrane domains may be formed during the process of coupled transcription, translation and insertion of membrane proteins, which are known to have specific phospholipid preferences (37) . A simple prediction based on this model requires that blocking protein synthesis by Cam should cause domain dissipation (2). Cam inhibits protein synthesis; eventually, continued phospholipid synthesis might alter the lipid-protein ratio and perhaps explain the decrease in membrane dynamics. However, this excess of phospholipid synthesis is compensated by increased phospholipid turnover and excretion (38) . Indeed, the decrease in membrane viscosity (followed by DPH anisotropy) was induced by Cam but not observed when the protein synthesis was inhibited by other antibiotics (2) . Accordingly, laurdan in Cam-treated bacterial membranes shows lower polarity as indicated by higher GP values (Fig. 10) . Because in Cam-treated cells, the phase transition temperature detected by excitation at 350 nm is lower than in untreated cells (18.5 vs 21ЊC, Fig. 13B vs A, respectively), it may be assumed that blocking protein synthesis results in an increased degree of cooperativity in the predominantly lipid phase. Appearance of the isoemissive point in spectra from Cam-treated cells (Fig. 12B) , which does not exist in normal cells (Fig. 12A) , points to an increased homogeneity and presumably domain dissipation in the E. coli membrane.
CONCLUSIONS
In conclusion, the present study suggests that a liquid-crystalline-like state dominates in bacterial membranes at physiological temperatures (above the phase transition temperature). A unique feature of the bacterial cytoplasmic membrane is the coexistence of domains (10, 11) . The distinct polarity and order of these domains was suggested by analyzing the observed fluorescence characteristics of laurdan and their temperature-dependence profiles in this membrane. Domain coexistence provides a plausible interpretation of spectral data when treated by the GP, anisotropy spectra or the time-resolved emission spectra analysis. At least two types of domains are proposed: a lipid enriched and a proteolipid domain. In Cam-treated cells the proteo-lipid domain dissipates, as was recently shown by us utilizing other methods (2,10). Taken together with previous studies using spin and fluorescent membrane probes, enzyme activities (8,9), cross-linking studies (7), our most recent (2,10) and present work give credence to the role of membrane domains in the bacterial cell cycle (alluded to in Introduction) and may contribute to ''. . . the search of a new biomembrane model'' (39) .
